The cysteine-rich protein (CRP) contains two copies of the LIM sequence motif, CX2CX17HX2CX2CX2CX17-CX2C, that was first identified in the homeodomain proteins Lin-ll, Isl-1, and Mec-3. The abundance and spacing of the cysteine residues in the LIM motif are remiiniscent of a metalbinding domain. We examined the metal-binding properties of CRP isolated from chicken smooth muscle (cCRP) The LIM motif is a cysteine-rich sequence found in a diverse collection of proteins including transcription factors (1-5), a protooncogene product (6, 7), and cytoskeletal components (8-11). Many of the LIM proteins appear to be involved in regulation of gene expression and cellular differentiation during development. The specific function of the LIM domain has not been established, although it has been postulated to serve as a DNA or protein binding interface. Because of the abundance of conserved cysteine residues in the LIM consensus sequence, the motif has been widely proposed to be a metal-binding sequence. Efforts have been made to examine the metal-binding properties of LIM-motif proteins (12, 13) . For example, it has been demonstrated that the cysteine-rich intestinal protein (CRIP) will bind exogenously applied Zn ions (13). In addition, expression of the LIM domains of Lin-1l in Escherichia coli resulted in the isolation of a protein from inclusion bodies that contained both Zn and an Fe-S cluster (12). The observation of an Fe-S cluster in Lin-1l prompted consideration of the intriguing idea that the LIM transcription factors might be redox-regulated (12).
The LIM motif is a cysteine-rich sequence found in a diverse collection of proteins including transcription factors (1) (2) (3) (4) (5) , a protooncogene product (6, 7) , and cytoskeletal components (8) (9) (10) (11) . Many of the LIM proteins appear to be involved in regulation of gene expression and cellular differentiation during development. The specific function of the LIM domain has not been established, although it has been postulated to serve as a DNA or protein binding interface. Because of the abundance of conserved cysteine residues in the LIM consensus sequence, the motif has been widely proposed to be a metal-binding sequence. Efforts have been made to examine the metal-binding properties of LIM-motif proteins (12, 13) . For example, it has been demonstrated that the cysteine-rich intestinal protein (CRIP) will bind exogenously applied Zn ions (13) . In addition, expression of the LIM domains of Lin-1l in Escherichia coli resulted in the isolation of a protein from inclusion bodies that contained both Zn and an Fe-S cluster (12) . The observation of an Fe-S cluster in Lin-1l prompted consideration of the intriguing idea that the LIM transcription factors might be redox-regulated (12) .
In this report we present a comprehensive metal analysis of a LIM-domain protein isolated from its endogenous source. Specifically, we describe the metal-binding properties of the chicken cysteine-rich protein (cCRP) isolated from avian smooth muscle (10) . cCRP, the chicken homologue of the human CRP (11) , exhibits two LIM domains of the sequence CX2CX17HX2CX2CX2CX17CX2C (J. Pino and M.C.B., unpublished results). Our results show cCRP to be a Zn(II) metalloprotein. The implications of these results for the LIM domain structure are discussed.
MATERIALS AND METHODS
Purification of cCRP. cCRP was purified from fresh chicken gizzards by a procedure to be described in detail elsewhere (A. W. Crawford, J. D. Pino, and M.C.B., unpublished work). The purity of cCRP was demonstrated by SDS/PAGE and amino acid analysis. An extinction coefficient for cCRP of 2.66 x 104 M-1'cm-' was obtained by measurement of the absorbance at 280 nm followed by quantitation of the cCRP protein by amino acid analysis. Thiol titrations were carried out as described (14, 15) .
Metal Exchange. cCRP was prepared for metal exchange reactions by dialysis in buffer M (40 mM Tris Cl, pH 7.5/40 mM KCl). The protein was diluted 10-fold with 0.2 M potassium phosphate (pH 7.2) and subsequently incubated with mentioned quantities of metal salts. Spectra were recorded after 10 min. For measurements of binding stoichiometry, the metal-replaced samples were incubated for 1-3 hr, dialyzed in buffer M containing 0.1 mM EDTA, and subsequently quantified for metals and protein.
Cd(II), Zn(II), and Co(II) stock solutions were made in 1 mM HCl, and concentrations were verified by atomic absorption spectroscopy. '13Cd was obtained as the oxide and was converted to the chloride salt before use. Cu(I) stock solutions were prepared in 2.5 mM HCl/0.2% NaCl.
Metal Reconstitution. cCRP was denatured in 6 M guanidinium chloride and, after gel filtration on Sephadex G-50, the demetallized and denatured cCRP was reduced with 5 mM dithiothreitol for 12-18 hr at 4°C and subsequently rechromatographed on Sephadex G-50 equilibrated in 6 M guanidinium chloride at pH 5.0. Metal was added to the denatured protein to the desired equivalency. The samples, incubated for 30 min at 25°C, were subsequently diluted 10-fold with the addition of 0.2 M potassium phosphate (pH 7.2) or 0.2 M Tris Cl (pH 9). Reconstitutions with Cd(II) or Zn(II) were performed under aerobic conditions with the phosphate buffer, whereas Co(II) and Cu(I) reconstitutions were carried out anaerobically with the Tris buffer.
Spectroscopy. Ultraviolet spectroscopy was carried out on a Beckman DU spectrometer. Luminescence measurements were made on a Perkin-Elmer 650-1OS fluorimeter. 113Cd
NMR spectroscopy was performed on a Unity 500 Varian spectrometer operating in the Fourier transform mode at 110.9 MHz. Spectra were recorded on 113Cd samples (8) (9) (10) (11) (12) mg/ml) containing 50% 2H20 as a field lock.
Bacterial Expression of cCRP. A cCRP cDNA clone that was complete with respect to coding capacity was obtained by screening a chicken embryo fibroblast cDNA library (16) with a human CRP cDNA probe (J. D. Pino and M.C.B., unpublished results). The cCRP coding sequence was amplified by the polymerase chain reaction (PCR) and cloned into pET-Sb (17) . The authenticity of the expression construct, termed pET-cCRP, was confirmed by restriction mapping, PCR, and DNA sequencing.
For expression of cCRP sequences in bacteria, pET-cCRP was transformed into E. coli BL21(DE3)/pLysS. After inAbbreviations: CRP, cysteine-rich protein; cCRP, chicken CRP;
LMCT, ligand -. metal charge transfer; IPTG, isopropyl P-Dthiogalactopyranoside. tTo whom reprint requests should be addressed.
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duction of cCRP expression with isopropyl /-D-thiogalactopyranoside (IPTG), the cells were collected by centrifugation, were washed, and were lysed in 25 mM Tris Cl, pH 7.5/150 mM NaCl/10 mM dithiothreitol by a rapid freezethaw cycle followed by sonication. The lysates were centrifuged for 30 min at 13,000 x g to separate soluble components (supernatant) from insoluble pelletable material. cCRP was found exclusively in the soluble fraction after centrifugation. The soluble material was dialyzed against buffer B-10 (20 mM Tris acetate, pH 7.6/20 mM NaCl/0.1 mM EDTA/0.1% 2-mercaptoethanol) and cCRP was isolated by ion-exchange chromatography on DEAE-cellulose. Fractions containing cCRP were pooled and dialyzed against buffer B-10. The metal content of the protein was determined as described above. The metal content of the pellets derived from the cell lysates was also examined. The brown-red pellets were washed twice with brief sonication in lysis buffer containing 4 M urea. The residual, pelletable material was solubilized with 7 M urea in preparation for metal analysis.
RESULTS
Metal Content of cCRP. cCRP was purified from avian smooth muscle as a monomer with an apparent molecular mass of 23 kDa (Fig. 1 Lin-1l exhibit both Zn and Fe (12), we observed no Fe associated with cCRP.
To evaluate whether the heterologous expression of Lin-1l in bacteria may have resulted in the Fe binding observed by Li et al. (12), we examined the metal content of cCRP isolated from a bacterial expression system (Fig. 1, lanes 2-4) . Analysis of the metal content of bacterially expressed cCRP revealed that 3.8 ± 0.1 mol of Zn(II) were present per mol of protein ( Table 1) . As was the case for cCRP purified from smooth muscle, no Fe or Cu was detected in any isolate. The addition of ferric ammonium citrate at 0.6 mM to the growth medium did not result in any Fe in cCRP. Thus, the LIMdomain protein cCRP is a specific Zn(II) metalloprotein whether it is purified from its endogenous source or from a heterologous expression system. Biophysical Studies of cCRP. Biophysical studies were carried out on smooth muscle cCRP to probe the LIM metal centers. Titrations of a Zn-cCRP sample containing 3.4 mol eq. of bound Zn(II) with 10 mol eq. of added Cd(II) led to a facile metal exchange resulting in 3.2 mol eq. of Cd(II) bound after dialysis in 0.1 mM EDTA. A 1:1 molar displacement of bound Zn(II) ions was observed. Cd-cCRP molecules exhibited transitions in the ultraviolet consistent with cysteineCd(II) ligand -* metal charge transfer (LMCT) bands. Zn(II) displacement was also observed by titrations with Cu(I) ions at neutral pH. Cu-cCRP formed by the addition of Cu(I) exhibited ultraviolet transitions characteristic of S -* Cu(I) LMCT bands and luminescence with similar emission properties to proteins with Cu(I)-thiolate complexes (18) . cCRP can be fully depleted of bound Zn(II) ions by dialysis at pH 4 or by denaturation in 6 M guanidinium chloride. Denatured, apo-cCRP could be repopulated with metal upon reduction followed by rapid dilution into concentrated buffer containing metal ions. Approximately 4 mol eq. of Zn(II) or Cd(II) were bound after reconstitution and dialysis in 0.1 mM EDTA (Table 1) .
Denatured apo-cCRP was reconstituted with Co(II) to probe the coordination geometry of the binding sites (Fig. 2) . Electronic spectroscopy of Co(II) complexes is useful in elucidating the coordination number and geometry around the metal ion (19 (Fig. 3 , spectrum C). These two chemical shifts were similar to two of the four chemical shifts observed in Cd2-cCRP samples. DISCUSSION The LIM-motif protein cCRP was shown to be a Zn(II)-containing metalloprotein. Zn was the only metal ion associated with cCRP in isolates from avian smooth muscle and in isolates from bacteria engineered to express the cCRP gene. The maximal Zn(II) stoichiometry is likely to be 4 mol eq. This conclusion is based on two observations. First, the metal content of cCRP after pre-reduction and addition of excess metal ion is near 4 mol eq. Second, the Zn(II) content in the bacterially expressed cCRP was 3.8 mol eq. The Zn(II) content ofthe bacterially expressed cCRP may be higher than that in avian muscle isolates due to the rapid purification of Zn-cCRP from the bacterial expression system, a feature that could minimize the extent of protein oxidation.
The Zn(II) ions are ligated to cCRP predominantly through cysteinyl thiolates. This conclusion is based on the characteristic S-+Cd(II) and S-*Co(II) charge transfer bands in the ultraviolet and near ultraviolet, respectively, and the chemical-shift range of 113Cd(II) nuclei substituted in cCRP. LIM domains may also have bound Fe during their isolation from the bacterial cell lysate. Unlike cCRP, which is a soluble protein when expressed in bacteria, bacterially expressed Lin-11 was sequestered into inclusion bodies necessitating a denaturation-renaturation step prior to metal analysis. We observed that pellets derived from bacterial lysates contain significant amounts of Fe. Moreover, the urea procedure described by Li et al. (12) for isolation of Lin-11 results in the solubilization of Fe that can be partially depleted with Chelex 100. Therefore it is possible that Lin-11 acquired Fe during solubilization. In any event, our findings demonstrate unequivocally that not all proteins displaying LIM domains will be regulated by cellular redox conditions as was proposed for Lin-li.
Metal ions are known to stabilize tertiary conformations of proteins, participate in catalysis in certain metalloenzymes, and induce changes in protein structure. A variety of Znfinger structures, including the binuclear Zn(II) sites in GAL4 and the Zn(II) center in the steroid hormone receptor domain, are dependent on Zn(II) to stabilize their tertiary folds (34) (35) (36) (37) . Zn(II) binding may likewise play an essential role in stabilizing the tertiary structure of LIM domains within proteins to generate a binding interface for proteins or nucleic acids.
